To characterize molecular and cellular changes induced by sustained expression of ciliary neurotrophic factor (CNTF) in the rds mutant mouse retina. METHODS. Recombinant adeno-associated virus (rAAV) expressing CNTF was injected subretinally, for transduction of peripherin/rds ϩ/Ϫ transgenic mice that carry the P216L mutation found in human retinitis pigmentosa. Characterization of retinal neurons and glia was performed by immunocytochemistry with cell-type-specific markers. Activation of signaling molecules was examined by Western blot and immunostaining. Alterations of gene transcription profiles were studied by microarray analyses. RESULTS. CNTF viral transduction maintained rhodopsin expression in surviving rod photoreceptors, but greatly reduced both S-and M-opsin normally expressed in cones. In addition, CNTF treatment resulted in increased numbers and dispersion of Müller glia and Chx10-positive bipolar cells within the inner nuclear layer. Persistent CNTF signaling also caused enhanced phosphorylation of STAT1, STAT3, and p42/44 ERK, as well as their levels of expression. Moreover, altered transcription profiles were detected for a large number of genes. Among these, Crx and Nrl involved in photoreceptor differentiation and several genes involved in phototransduction were suppressed. CONCLUSIONS. Despite the rescue from cell death, continuous exposure to CNTF changed photoreceptor cell profiles, especially resulting in the loss of cone immunoreactivity. In addition, the Müller glia and bipolar cells became disorganized, and the number of cells expressing Müller and bipolar cell markers increased. Constitutive CNTF production resulted in sustained activation of cytokine signal transduction and altered the ex-From the
pression of a large number of genes. Therefore, stringent regulation of CNTF may be necessary for its therapeutic application in preventing retinal degeneration. (Invest Ophthalmol Vis Sci. 2007;48:1389 -1400) DOI:10.1167/iovs.06-0677 T he neurocytokine ciliary neurotrophic factor (CNTF) displays a variety of effects during the development and maintenance of the nervous system. In the developing vertebrate retina, CNTF crucially influences the differentiation of developing photoreceptor cells as it suppresses rhodopsin expression in the rodent retina and enhances cone opsin expression in the chicken retina. [1] [2] [3] [4] [5] In addition, CNTF induces late retinal progenitor cells to express bipolar cell markers and to specialize as Müller glia in postnatal rodent retinas. 3, 6, 7 In the mature retina, CNTF is among the most potent neurotrophic factors protecting retinal neurons against degeneration. 8 To date, CNTF has been shown to prolong photoreceptor survival in a variety of degeneration models including those caused by genetic mutations in different genes and light-induced injury. 9 -16 Furthermore, CNTF is effective in promoting retinal ganglion cell survival and axonal growth in several glaucoma and axotomy models. [17] [18] [19] [20] [21] [22] [23] CNTF binds to a tripartite receptor complex that activates receptor associated Jak kinases, which in turn phosphorylate the intracellular portion of the receptors and activate multiple downstream signaling components. 24 -26 Activation of the Jak kinases leads to phosphorylation of two members of the signal transducer and activator of transcription (STAT) family: STAT1 and STAT3. 27 In addition, CNTF triggers the extracellular signal-regulated kinase (p42/44 ERK) 28 -31 and the phosphatidylinositol 3 kinase-Akt pathways. 32 In the developing mouse retina, CNTF stimulation causes differential activation of the Jak-STAT and ERK pathways among progenitor cells and postmitotic neurons. 31 The suppression of rhodopsin expression by CNTF in postmitotic photoreceptor precursor cells involves the Jak-STAT, but not the ERK pathway. 31, 33, 34 In contrast, promotion of a Müller glial cell fate in the neonatal retina by CNTF requires both STAT and ERK activation. 7 In the mature rodent retina, intravitreal injection of CNTF or its analogue axokine similarly induces the phosphorylation of STAT and ERK proteins; however, this primarily occurs in retinal ganglion cells and Müller glia. 29, 30 Owing to the significant potential of CNTF as a broad neuroprotective agent for the retina, both viral vector-based and cell-based CNTF delivery approaches have been developed in animal models and were used recently in a clinical trial. 35 Nonetheless, the cellular mechanisms of CNTF-dependent neural protection in various retinal degeneration models have not been elucidated. In a mouse model of retinitis pigmentosa (RP) caused by a dominant mutation (P216L) in the rds/peripherin gene, 36, 37 subretinal delivery of a recombinant adeno-associated virus (rAAV) that expresses a secreted CNTF resulted in effective long-term rescue of the photoreceptor cell layer. 12 However, the surviving cells exhibited enlarged nuclei with increased euchromatin. In addition, rAAV-CNTF treated rds/ peripherin mutant retinas showed decreased ERG amplitudes in the a-wave of rod photoreceptors and the b-wave of rod and cone photoreceptors, compared with untreated mutant retinas, thus indicating an adverse effect on retinal function. 12, 13 Similarly, a cellular rescue without functional restoration has been observed in rats carrying dominant rhodopsin mutations. 38 Moreover, in normal rabbit retinas treated with high doses of CNTF, the photoreceptor nuclei were increased in size and accompanied by a significantly reduced cone b-wave ERG amplitude. 39 To delineate the underlying causes of altered retinal morphology and function, we have performed molecular and cellular analyses of rAAV-CNTF treated rds/peripherin retinas. Our results demonstrate that viral-mediated CNTF expression in the mature retina results in altered retinal organization and abnormal gene expression, as well as persistent and elevated cytokine signaling events. These findings suggest that properly regulated CNTF expression may be essential for preventing retinal degeneration and achieving functional rescue.
MATERIALS AND METHODS

Animals, Virus Preparation, Injection, and Electroretinographic Analysis
All procedures involving the use of mice were in accordance with the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research; the University of California, Los Angeles; and the University of California, San Francisco. A recombinant adenoassociated virus (rAAV) encoding the chicken ␤-actin promoter (CBA)/ CMV enhancer followed by a modified human CNTF cDNA was prepared as described. 12 This recombinant CNTF contains the human growth hormone signal peptide 40 and S166D/G167H mutations that increase its affinity toward the CNTF receptor-␣ (CNTFR␣). 41 Transgenic mice (rds ϩ/ϪP216L ) of the line 1300 36 on a C57BL/6 background were injected subretinally with rAAV-CBA-sDH-CNTF (abbreviated as rAAV-CNTF hereafter) unilaterally between postnatal day (P)23 and P25. The injection procedure including anesthesia, viral titer, and injection volume were identical, as previously described in Bok et al. 12 In total, 37 rds line 1300 animals were injected with rAAV-CNTF. Injected eyes were analyzed by ERG before harvesting at P44, P70 to P72, or P90 to assess retinal function as described. 12 The contralateral noninjected rds eyes and wild-type adult C57BL/6 eyes were used as the control.
Immunohistochemistry and TUNEL Assay
Wild-type C57BL/6, noninjected and rAAV-CNTF injected rds line 1300 eyes were harvested at P70, P72, or P90 and processed as previously described 31 with minor modifications. Antibodies used are summarized in Table 1 . Mice killed with carbon dioxide were immediately fixed by transcardiac perfusion with 4% paraformaldehyde (PFA) in PBS. Enucleated eyes were further fixed in 4% PFA in PBS overnight at 4°C. The cornea and lens were removed before cryoprotection in 30% sucrose/ PBS and embedding in OCT. Cryosections of 14-m thickness were washed with PBS and incubated with a blocking solution containing DMEM, 10% fetal calf serum, 2% goat serum, 2% donkey serum, and 0.1% Triton X-100 for 1 hour at room temperature. For labeling with anti-phospho-STAT3 and anti-phospho-ERK, cryosections were first washed three times with PBS and then incubated in deionized 95% formamide, 1.5% 20ϫ SSC (pH 7.0), for 10 minutes at 70°C before incubation with the blocking solution. For double staining with Chx10 and Cyclin D3, cryosections were pretreated in antigen retrieval reagent for 5 minutes at 95°C (R&D System, Minneapolis, MN). After blocking, primary antibodies were incubated at 4°C overnight and secondary antibodies at room temperature for 1 hour, each followed with four washes of PBS containing 0.1% Tween 20. 31 Immunofluorescent signals were captured with a microscope (E800; Nikon, Tokyo, Japan) equipped with a digital camera (SPOT II; Diagnostic Instru- For quantification of cell markers, 1.7-or 2.5-m confocal optical section images were used. A minimum of four eyes (n ϭ 4), each with 4 fields derived from different cryosections (total of 16 fields) of the central 30% of the retina were quantified. Commercial software (Im-agePro Plus; Media Cybernetics, Silver Spring, MD) was used to measure and analyze the fluorescent signal-positive cells, using the same cutoff thresholds for a given marker. Quantification of marker-positive cells per field is expressed as mean Ϯ SEM, with P Ͻ 0.05 considered statistically significant according to the Student's t-test.
TUNEL assay was performed at P44, P70 to P72, or P90, using cryosections and the In Situ Cell Death Detection Kit (Fluorescein; Roche Diagnostics, Indianapolis, IN). The fluorescein-dUTP DNA labeling signals were captured with a microscope (E800; Nikon, Tokyo, Japan) equipped with a digital camera (SPOT II; Diagnostic Instruments).
Western Blot Analyses
Cell lysates of individual P90 retinas were extracted as previously described. 31 For serial detection with different primary antibodies, nitrocellulose (NC) membranes were stripped by submerging in 50 mL of 100 mM ␤-mercaptoethanol, 2% SDS, and 62.5 mM Tris-Cl (pH 6.7) at 50°C for 30 minutes. NC blots were washed twice for 10 minutes with PBS at room temperature and processed for another round of detection (Enhanced Chemiluminescence System; GE Healthcare, Piscataway, NJ).
Microarray Analysis
Total retinal RNA from four eyes injected with rAAV-CNTF virus at P23 and four noninjected contralateral eyes was extracted at P90 (RNeasy Protect Mini Kit; Qiagen Inc., Valencia, CA). Equal amounts of total RNA (2 g) from each retina were processed for one round of linear amplification according to the instructions provided (RiboAmp RNA Amplification Kit; Arcturus Applied Genomics, Sunnyvale, CA). During amplification, a transcript labeling kit (BioArray High Yield RNA Transcript Labeling Kit; ENZO, Farmingdale, NY) was used in conjunction to produce Biotin-labeled single-stranded RNA probes. All RNA measurements were performed with a spectrophotometer (ND-1000; NanoDrop Technologies Inc., Wilmington, DE). The quality and integrity of RNA samples were evaluated by electrophoresis on 1.2% agarose-formaldehyde gels. Before hybridization, fractionation of each labeled probe was analyzed (2100 Bioanalyzer; Agilent Technologies, Foster City, CA). Each labeled RNA probe (10 g) was individually hybridized (Mouse Genome 430-2.0 Arrays in a Gene Chip Hybridization Oven 640) followed by washes in a fluidics station (model 450; all from Affymetrix, Santa Clara, CA). Quadruplet arrays were scanned and data were acquired (Scanner 3000 and Gene Chip Operating Software 1.3; Affymetrix). Data analysis was then performed (ArrayAssist Analysis Software; Iobion/Stratagene, La Jolla, CA).
RESULTS
CNTF Reduces Electroretinographic Responses
In previous work, the same rAAV-CNTF used in the present study resulted in reduced ERG amplitudes when injected subretinally between P23 and P25 and examined at P90. 12 In the present study, of the 19 rds ϩ/Ϫ mice carrying the P216L mutant transgene 36 and injected subretinally, 18 showed significant depression of scotopic and photopic ERG responses (Table 2). The one mouse that had no recordable difference between the two eyes presumably had a failed subretinal injection and was not used to harvest retinas or for immunocytochemistry. Several mutant mice examined at P70 displayed similar reduced ERG amplitudes, but the scotopic a-waves were not as significantly reduced as the other ERG parameters ( Table 2 ).
CNTF Sustains Rod but Not Cone Photoreceptor Opsin Expression
Subretinal delivery of rAAV expressing CNTF caused dramatic improvement of cell survival in rds retinas as indicated by the increased thickness of the outer nuclear layer (ONL). 12 To investigate whether the surviving ONL cells maintained differentiated features of photoreceptors, we performed immunofluorescent staining for rod and cone opsins. At P90, the untreated control rds retinas had three to four rows of cell nuclei (Fig. 1C ) in the ONL with rhodopsin (Rho4D2 42 ) immunostaining signals within the ONL as well as in the outer segments ( Fig. 1A) , indicating that the residual rod photoreceptor cells at this stage retained their rhodopsin expression. In P90 rds retinas treated with rAAV-CNTF at P23, the ONL contained seven to eight rows of cell nuclei (Fig. 1D ), and rhodopsin immunostaining signals were detected in most of the ONL cells ( Fig. 1B) with intense labeling of the inner and outer segments and aberrant perinuclear distribution in the ONL.
In the untreated rds ϩ/ϪP216L retinas, M-opsin immunostaining detected M-opsin-positive cells distributed in the dorsal and ventral retina (Figs. 1E, 1I). In contrast, S-opsin immunostaining of rds ϩ/ϪP216L retinas showed a ventrally biased distribution of S-cone cells (Figs. 1G, 1K). These results were similar to the patterns of M-cone and S-cone photoreceptor cell distribution in the wild-type mouse retina, 43 indicating that rds mutant retinas maintained cone photoreceptor cells as late as P90. In rAAV-CNTF treated rds ϩ/ϪP216L retinas, however, the M-opsin positive cone cells were greatly reduced in the ventral retina, with only residual labeled cells detected in the dorsal retina (Figs. 1F, 1J). Similarly, rAAV-CNTF treated retinas were almost entirely devoid of S-opsin staining signals, suggesting the reduction of S-cone immunoreactivity (Figs. 1H, 1L). To examine further whether the CNTF treatment causes a reduction in the number of cone cells or altered expression of cone-specific genes, we also labeled P70 rds retinas with anti-cone arrestin Both eyes of mice were recorded simultaneously, and the differences between the two eyes were assessed using a two-tailed, paired Student's t-test.
* Mean Ϯ SEM. antibody 44 and fluorescence-conjugated peanut agglutinin (PNA). The untreated control rds retinas showed cone arrestin labeling in the outer segments, cell somata, and synapses, similar to that found in the wild-type retinas, whereas rAAV-CNTF-treated retinas displayed a reduced arrestin signal in the ONL and synaptic termini, but retained a low level of arrestin labeling in the outer segments (Supplementary Figs. S1A-S1D, online at http://www.iovs.org/cgi/content/full/48/3/1389/ DC1). The PNA labeling was also reduced, but was still detectable in rAAV-CNTF-treated retinas (Supplementary Figs. S1E-S1H). These results suggest that, despite the photoreceptor cell degeneration, the rds ϩ/ϪP216L retinas retained both rod and cone photoreceptor cells. Viral-mediated CNTF expression was effective in sustaining cells with rod photoreceptor features but resulted in suppression of cone-specific genes, including M-opsin, S-opsin, and cone arrestin.
IOVS,
CNTF Causes Activation and Dispersion of Müller Glial Cells
We next examined the influence of rAAV-mediated CNTF expression on the Müller glial cells, which have been shown to contain phosphorylated STAT and ERK protein on transient CNTF stimulation in vivo. 29, 30 In the mature wild-type retina, immunostaining by a Müller glial marker cyclin D3 45 showed that Müller glial nuclei occupied the central stratum of the inner nuclear layer (INL; Figs. 2A, 2D ). Compared with the wild-type retina, the P90 untreated rds ϩ/ϪP216L retinas contained cyclin D3-positive Müller glial nuclei in a slightly dispersed pattern within the INL, with occasional nuclei ectopically located near the outer plexiform layer (OPL; Figs. 2B, 2E).
In P90 rAAV-CNTF treated rds ϩ/ϪP216L retinas, cyclin D3-positive cell nuclei were broadly dispersed throughout the entire INL, with many positioned within the OPL, which is normally devoid of cell nuclei (Figs. 2C, 2F ). Furthermore, immunostaining with Müller glial markers glutamine synthetase (GS) 45 and glial fibrillary acidic protein (GFAP) 46 revealed a low degree of Müller activation in untreated and a high degree of Müller activation in rAAV-CNTF treated retinas, as indicated by significantly expanded and swollen Müller glial processes throughout all laminar layers of the retina (Figs. 2H-K). In general, the rAAV-CNTF treated rds retinas showed an increased thickness in the ONL and INL compared with the untreated rds retina (Figs. 2D-F).
We also counted the numbers of cyclin D3-positive cells in the central region of the P90 retinas. Compared with the wild-type retinas, untreated and rAAV-CNTF treated rds retinas contained an average increase of 22% and 46%, respectively ( Fig. 2G , n ϭ 2, total 10 fields per retina). To obtain a more precise quantification, confocal images of noninjected wildtype retinas and P70 rds retinas (data not shown) injected with rAAV-CNTF at P23 were also analyzed ( Fig. 2G , n ϭ 4, 16 fields per retina). The results showed that cyclin D3-positive cells in rAAV-CNTF treated retinas (62.6 Ϯ 3.7 per frame) had increased 56.5% (P ϭ 0.001) over wild-type retinas (39.9 Ϯ 1.7 per frame) and 35 .6% (P ϭ 0.027) over untreated rds retinas (46.2 Ϯ 4.3 per frame).
These results suggest that the rds retina, while undergoing slow photoreceptor degeneration, harbors reactive Müller glia, and rAAV-CNTF treatment enhances Müller glial activation and mobilization and increases the number of Müller glial markerpositive cells. 
CNTF Enhances Chx10-Positive Cell Population
The reduction in ERG b-wave amplitudes caused by rAAV-CNTF injection suggests that CNTF affects cells in the INL.
Immunostaining with the bipolar cell marker 115A10 47 revealed that rAAV-CNTF treatment resulted in a slightly expanded zone occupied by 115A10-labeled cell bodies within the INL (Figs. 3A-C). We next analyzed the labeling pattern of the homeobox protein Chx10, which is expressed by retinal progenitor cells during development and by bipolar neurons in the mature retina. 48 Chx10 staining patterns were similar between the wild-type and untreated rds ϩ/ϪP216L retinas (Figs. 3D, 3E), whereas rAAV-CNTF treatment resulted in a wide dispersion of Chx10-positive cells in the INL (Fig. 3F ). Since, under certain conditions, Müller glia may re-enter the proliferative cell cycle and generate new neurons, 49, 50 we tested whether the dispersed Chx10-positive cells co-label with Müller cell markers. Costaining of the two nuclear antigens Chx10 and cyclin D3 showed minimal overlapping but extensive intermingling between the two cell populations in rAAV-CNTF treated rds ϩ/ϪP216L retinas (Fig. 3F ). To determine whether there was also an increase in the number of Chx10-positive cells, we performed confocal imaging analyses of P70 to P72 rds retinas, which showed Chx10 expression patterns similar to those found at P90 (Figs. 3H, 3I) . Quantification of the cells in the central retina ( Fig. 3G, n ϭ 4, 16 fields per retina) showed that Chx10-positive cells in rAAV-CNTF treated retinas (84.6 Ϯ 3.4 per frame) had increased 75.2% (P ϭ 0.001) over wild-type retinas (48.3 Ϯ 5.3 per frame) and 42.2% (P ϭ 0.001) over untreated rds retinas (59.5 Ϯ 3.2 per frame), respectively. Interestingly, occasional ectopic Chx10-positive cells were detected in the ONL of rAAV-CNTF-treated retinas at this stage (Fig. 3I ).
We also evaluated whether CNTF influences other retinal cell types. Immunostaining by an amacrine cell marker AP2␣ 51 detected only a slight disorganization of the amacrine cells in the rAAV-CNTF-treated retinas (Figs. 4A, 4E ). Labeling with calbindin revealed more robust immunostaining of cell somata and processes of horizontal cells in the treated retinas (Figs. 4B, 4F). No apparent change in the ganglion cells was detected at P90 with an antibody against Brn3a (Figs. 4C, 4G ), a POU domain nuclear protein expressed by differentiated retinal ganglion cells. 52 Quantitative analyses of confocal images derived from P70 to P72 rds retinas detected no significant change in the number of Brn3a labeled ganglion cells (n ϭ 4, data not shown), confirming the immunostaining results of the P90 rds retinas.
Therefore, in addition to mobilization and activation of the Müller glia, persistent CNTF expression caused an increase in both the number and dispersion of Chx10-positive cells accompanied by only minor changes of other INL interneurons.
Persistent STAT and ERK Activation by rAAV-CNTF
Previous studies have shown that intravitreal injection of CNTF protein into the adult rodent eye causes enhanced but transient STAT and ERK activation in retinal ganglion cells and Müller glia. 29, 30 To determine whether constitutive CNTF expression causes persistent signaling pathway activation, we examined the phosphorylated status of STAT and ERK proteins. Western blot analyses showed elevated phospho-STAT3 and phospho-STAT1 in rAAV-CNTF treated rds ϩ/ϪP216L retinas compared with untreated control retinas (Fig. 5A ). In addition, the total cellular STAT3 and STAT1 protein levels were increased (Fig. ). Furthermore, Western blots detected an increase of phospho-ERK1 and ERK2 (Fig. 5C ).
In P90 wild-type and untreated rds retinas, phospho-STAT3 immunolabeling did not detect significant levels of signals (Figs. 6A, 6B ). However, in contrast to the wild-type retina, anti-phospho-ERK labeling detected dispersed clusters of cells as radial columns in untreated rds ϩ/ϪP126L retinas (Figs. 6D,  6E ). This pattern of labeling was also observed for phospho-ERK and phospho-STAT3 at P70 in untreated rds mutant (data not shown), probably representing spontaneous activation of ERK and STAT3 in a subset of Müller glia. Consistent with Western blot analyses, high levels of phospho-STAT3 and phospho-ERK labeling were detected in rAAV-CNTF-treated P90 retinas in all three cellular layers (Figs. 6C, 6F) .
To delineate which cell-type contained activated STAT3 and ERK in rAAV-CNTF-treated retinas, we performed confocal imaging of co-labeled P70 to P72 rds retinas. In noninjected retinas, a low level of phospho-STAT3 signal was detected (Fig.  6J ). Consistent with results obtained from P90 retinas, rAAV-CNTF treatment greatly enhanced the levels of phospho-STAT3 in all three cellular layers as well as in the plexiform layers at P70 (Fig. 6K ). Merging of 0.8-m optical sections demonstrated extensive colocalization of the Müller marker GS and phospho-STAT3 in Müller cell cytoplasm and nuclei within the INL and in Müller glial processes surrounding the photoreceptor cell bodies and terminating at the outer limiting membrane (OLM; Fig. 6K ). In addition, phospho-STAT3 labeling signals were also distributed in photoreceptor cells including the inner and outer segments (Fig. 6K) . The phospho-ERK signals were mostly detected in the INL and IPL in untreated rds retinas, especially in the Müller glial cell bodies labeled positive for GS ( Fig. 6L ). CNTF stimulation resulted in elevated ERK phosphorylation among Müller glia, as indicated by strong labeling of their processes in the ONL and OLM (Fig. 6M ). In addition, a subset of cells in the ONL contained high levels of phospho-ERK (Fig. 6M) .
Together, these results demonstrate a persistent activation of cytokine signaling caused by rAAV-mediated CNTF expres- 
Effects of CNTF on Retinal Cell Death
The increased thickness of the ONL in rAAV-CNTF treated rds retina implied a reduction of photoreceptor cell death. Cell apoptosis TUNEL assays revealed very low levels of cell death in the ONL of treated and untreated rds retinas at P44, P70, and P90 (Figs. 7A-D, and data not shown). Instead, increased apoptosis was detected in the ganglion cell layer of rAAV-CNTFtreated P90 samples (Figs. 7A, 7C ). However, no significant cell death was detected in the ganglion cell layer at P44 or P70.
Altered Gene Expression at the Transcriptional Level Due to CNTF
To obtain a more comprehensive assessment of the influence of chronic CNTF expression, we performed microarray analyses to examine changes of gene transcription profiles in the retina. Probes derived from RNAs of untreated control and rAAV-CNTF treated rds ϩ/ϪP216L retinas (n ϭ 4 each) were individually hybridized to gene microarrays (Mouse Genome 430 2.0 Arrays; Affymetrix), which contain 45,000 probe sets corresponding to 39,000 transcripts from 34,000 well-characterized mouse genes. Microarray data showed that compared with untreated rds retinas, CNTF consistently caused altered expression of a large number of genes. In at least three of four independent trials, 119 genes showed more than a 25% reduction in their transcript levels, whereas 152 genes showed more than a 25% increase in their transcript levels. Table 3 summarizes 50 selected known genes that showed an increase or decrease in at least three of four individual trials. Among these, several genes involved in phototransduction were downregulated, including S-opsin, cone transducin ␣-subunit, rod transducin ␤1-subunit, and rod phosphodiesterase-␤.
In addition, genes implicated in photoreceptor function and diseases such as the crumbs homologue and retinitis pigmentosa-9 homologue also showed reduced transcript levels. Consistent with the observed nuclear morphologic changes in the rAAV-CNTF treated rds retinas, altered expression of genes that function in chromatin remodeling and transcription activation such as nucleolin and histone deacetylase were observed. Furthermore, the homeobox protein Crx required for photoreceptor differentiation and maintenance [53] [54] [55] and the leucine zipper protein Nrl required for rod specification 56 were decreased. As expected, GFAP transcription was enhanced in rAAV-CNTF treated rds retinas. In agreement with the rescuing effects of CNTF treatment, we also detected changes in transcript levels toward blocking cell death and promoting the cell cycle. Moreover, CNTF treatment affected the expression of a considerable number of signaling molecules. Among these, STAT1, STAT3, and ERK1 were augmented, whereas Jak1 was suppressed.
DISCUSSION
In this study, we investigated the molecular and cellular changes associated with viral mediated CNTF expression in a mouse model of RP caused by a mutation in the rds/peripherin gene. Sustained CNTF expression induced a persistent elevation of both the STAT and ERK signaling pathways in the mutant retina. Despite the protection of the photoreceptor cells in the ONL from the effects of the mutant transgene, CNTF caused significant alteration of cellular phenotypes and reorganization of several retinal cell types. Moreover, CNTF treatment resulted in altered levels of transcripts of a large number of genes in the retina.
Several studies to date have shown that CNTF treatment affects normal and mutant retinal functions. Expression of CNTF by rAAV rescues photoreceptors from cell death in the dominant peripherin/rds ϩ/ϪP216L mutant mouse 12 and dominant rhodopsin mutant rats, 38 but causes attenuated ERG amplitudes. Furthermore, delivery of CNTF in combination with wild-type peripherin in Prph2 (Rd2/Rd2) mice negates the effect of gene-replacement therapy. 13 Moreover, a cell-based delivery study in normal rabbits showed that the cone ERG is diminished at higher doses of CNTF. 39 Results of immunocytochemical characterization presented here indicate that most of the surviving ONL cells in the rds retina have retained the rod photoreceptor identity with rAAV-CNTF treatment. The rescued rods show robust rhodopsin expression by immunocytochemistry, albeit with an aberrant cellular distribution compared with the wild-type. In contrast to the rod opsin, rAAV-CNTF-transduced rds retinas display a dramatic reduction of both the short wavelength and medium/long wavelength opsins. This reduction of cone opsin immunoreactivity most likely reflects altered gene expression within surviving cone photoreceptors rather than cone-specific cell death (see note added in proof) since the untreated rds retinas at an equivalent age contain an apparently normal distribution of cones, and CNTF-treated retinas still have measurable photopic ERG responses, although the amplitudes are reduced compared with untreated retinas ( Table 2 ; Bok et al. 12 ). Furthermore, the rAAV-CNTF treated retinas showed reduced but detectable levels of cone arrestin as well as PNA antigen associated with the cones. In the developing mouse and rat retinas, CNTF can strongly suppress rhodopsin expression in postmitotic photoreceptor precursor cells. However, once differentiating rod photoreceptor cells reach the stage of rhodopsin expression, they are no longer responsive to CNTF inhibition. 3 The lack of CNTF suppression of rhodopsin expression in the rds mutant indicates that even persistent CNTF at high levels does not significantly alter the identity of mature rod photore- ceptors, consistent with the observed responses of rods during differentiation. 3 The suppression of the rod ERG in rAAV-CNTF treated rds retinas ( Table 2 ; Bok et al. 12 ) may be attributable to abnormal expression of other phototransduction genes expressed by rods. In contrast, specific effects of CNTF on S-and M-opsin expression in differentiating mammalian retinas have not been reported. In the chicken retina, CNTF has been shown to promote cone opsin expression in a small fraction of developing photoreceptor cells in vitro. 1, 57 The strong inhibitory effect of virally mediated CNTF expression on both cone opsins in the mature retina suggests that perhaps the established cone photoreceptor programs are more susceptible to cytokine influence, at least in the rds mutant mouse model. In fact, even in normal rats, the intravitreal injection of CNTF and the subretinal injection of rAAV-CNTF produce a greater reduction in photopic than in scotopic ERG responses, and these rats show concomitant reduction in visual performance in behavioral tasks in photopic light levels (McGill TJ et Major effects of persistent CNTF expression in the rds mutant retina also include the cellular alteration and reorganization of the INL, where the cell body of retinal interneurons and Müller glia reside. It has been shown previously that Müller glia become reactive in response to mechanical injury, retinal degeneration, and stimulation by growth factors. 46, 58 In the absence of exogenous CNTF, the mutant rds retinas show a mild Müller gliosis, as indicated by increased GFAP expression compared with the wild-type retinas. In contrast, rAAV-CNTFtreated retinas exhibit high levels of GFAP and glutamine synthetase labeling in the activated Müller cell body and processes. Intriguingly, labeling by cyclin D3 also revealed an increased number of Müller glial cells dispersed throughout the INL. Another INL retinal cell type greatly influenced by constitutive CNTF expression appears to be bipolar cells. Similar to its effect on cyclin D3-positive cells, CNTF causes an increase in Chx10-positive cells as well as their dispersion within the INL, and even into the ONL. The disorganization and repositioning of the Müller glia and bipolar cells within rAAV-CNTFtreated rds retinas are striking and may explain the reduced ERG b-waves originating from the INL ( Table 2 , Bok et al. 12 ). The mechanism(s) underlying CNTF-dependent increases of Müller and bipolar marker-positive cells is currently not understood. Of interest, CNTF has been shown to enhance bipolar cell marker expression, 3, 6 stimulate proliferation of the late retinal progenitors, 7, 58 and promote Müller gliogenesis in the postnatal developing rodent retina in vitro. 7 However, in trans- genic mice, constitutive expression of leukemia inhibitory factor (LIF), a CNTF family of cytokine, does not seem to increase the proportion of bipolar and Müller cells at the expense of rod photoreceptors. 59 Accumulating evidence to date suggests that in vertebrate retinas, Müller glia have the potential to become a source of neural stem cells, which can be triggered to reenter the cell cycle and generate new neurons when the retina is injured or is challenged by certain growth factors. 48, 49 It is plausible that CNTF or other growth factors released under the influence of CNTF can potentiate endogenous retinal stem cells. However, the slow onset of CNTF expression from the current AAV vector 12 renders the detection of proliferative events difficult. In addition, current data cannot rule out the possibility of retinal cell transdifferentiation. Sustained CNTF expression does not alter the normal laminar distribution of amacrine and horizontal cells within the INL. Despite elevated cell death in the ganglion cell layer at P90 in CNTF-treated retinas, we did not detect statistically significant changes in the number of ganglion cells in P70 rds retinas. Since Brn3a is an authentic ganglion cell marker, it is possible that the apoptotic cells seen in the ganglion cell layer were displaced amacrine cells or newly generated cells without proper connections. A recent study has shown that CNTF did not prevent ganglion cell death in a dog model for RP. 60 Therefore, whether CNTF is neuroprotective for ganglion cells under all retinal degenerative conditions remains to be further determined.
In the wild-type mature retina, phospho-STAT3 and phospho-ERK1/2 are at nearly undetectable levels by immunocytochemistry. 29, 31 In the untreated rds mutant retina, antibodies against phospho-ERK and phospho-STAT3 occasionally labeled radial columns that resembled the morphology of a few clustered Müller glia. Such higher than basal level activation of signaling molecules is probably due to the release of endogenous growth factors in the rds retinas. In the CNTF-treated rds retinas, high levels of phospho-STAT3 and phospho-ERK are present throughout the retina. These distribution patterns of activated signaling molecules are very distinct from the transient STAT and ERK phosphorylation reported in the retinal ganglion cells and Müller glia after a single intravitreal CNTF injection. 29 Furthermore, both transient and persistent CNTF expression causes not only the phosphorylation of STAT1 and STAT3, but also the elevation of total STATs at the RNA and protein levels. Cytokine signaling is normally subjected to rapid negative feedback controls, in part mediated by the cytokine induced Jak-STAT inhibitor SOCS (suppressors of cytokine signaling) proteins. 61 The high levels of signaling molecules present in the rAAV-treated retinas perhaps reflect the renewable source of the CNTF ligand, which signals constitutively despite the induction of the negative inhibitors.
One important question regarding the mechanism of CNTFmediated neural protection is whether CNTF directly targets the photoreceptor cells in the mature retina, or acts through intermediate factors. We have previously demonstrated that during development, CNTF directly triggers rapid STAT3 phosphorylation in postmitotic photoreceptor precursors. 31 To date, several published studies have investigated the presence of CNTFR␣ in the ONL of various vertebrate retinas. [62] [63] [64] [65] [66] However, the results have been inconsistent. We show that rAAV-CNTF treatment leads to elevated phospho-STAT3 and phospho-ERK in the ONL among other locations. Phospho-ERK is predominantly distributed in Müller glia and a subset of ONL cells, whereas phospho-STAT3 is localized not only in Müller glial cell bodies and processes but also in most of the photoreceptor cells in the ONL. Although we can conclude that vector-mediated CNTF expression causes accumulation of phospho-STAT3 and phospho-ERK among ONL cells, the presence of phosphorylated signaling proteins in the ONL of the rds retina does not necessarily confirm that mature photoreceptor cells respond directly to CNTF. The involvement of intermediary growth factors in triggering signal transduction in photoreceptors cannot be excluded at this time.
The cellular phenotypes in the rds retina exposed to chronic CNTF treatment are likely to be downstream events resulting from elevated signal transduction and altered gene expression. Indeed, our genomewide survey using mouse gene microarrays allowed us to detect a large number of genes with transcript levels affected by the long-term CNTF treatment. The numbers of genes affected are likely to be underestimated under the experimental conditions, since only those showing consistent changes in at least three of four independent trials are included. Even though the thresholds used (i.e., transcript ratios of Ͻ0.75 and Ͼ1.25), are not overtly stringent, the detected up-and downregulations are likely to be statistically significant, because each known mouse gene (i.e., probe set) is represented by 8 to 16 distinct hybridization data points on each array. Moreover, immunocytochemistry and Western blots, as well as semiquantitative PCRs (data not shown) have confirmed the expression status of a number of genes. Of interest, after constitutive CNTF exposure, genes associated with both rod and cone phototransduction or structures were reduced, correlating with the observed decrease in both rod and cone ERGs. The downregulation of Crx and Nrl is consistent with that observed in LIF-overexpressing mice 67 and may be the underlying cause for changes seen in numerous photoreceptor-specific genes. Our results also agree with a recent study in normal and rod-cone degeneration canine models in which CNTF protected degenerating photoreceptors but reduced expression of some phototransduction proteins, as well as leading to an increased thickness of the inner retina. 60 The changes in genes associated with chromatin remodeling and transcription activation in part reflect the altered nuclear morphology found in the ONL of several species after CNTF treatment. Moreover, CNTF also alters expression profiles of genes involved in the cell cycle and apoptosis, and a large number of signaling molecules, thus suggesting a broad impact of persistent cytokine signaling on retinal transcription and, consequently, on cellular function.
In conclusion, we have demonstrated that sustained, highlevel CNTF treatment causes a multitude of cellular and mo- These results suggest that the mature retina is plastic and susceptible to cytokine influences. Therefore, when considering human application, careful regulation of the dosage and duration of CNTF treatment may be needed to achieve prolonged optimal therapeutic efficacy. 
